Abstract. The y-decay of the excited nucleus provides experimental information on the nuclear structure properties at extreme conditions of temperature, angular momentum and isospin. First, the order-to-chaos transition is studied in the warm rotating "^Er nucleus, in terms of vanishing of selection rules on the K quantum number. Second, the properties of the excited superdeformed bands in '^'Tb and "'Pb nuclei are investigated in connection with their decayout into the low deformation states. Finally, the population of highly excited low-spin states in moderately neutron-rich systems is discussed in connection with deep-inelastic reactions.
INTRODUCTION
The study of the nucleus at the limits of angular momentum, temperature and neutron/proton number is one of the central topics currently addressed with selective /-spectroscopy measurements.
In this contribution we present selected studies of the collective response of the atomic nucleus at extreme conditions, making use of nuclear reactions with stable ions. In particular, the temperature degree of freedom is used to investigate the transition between order and chaos in the deformed rotating nucleus ^'''Er, shape changes induced by the angular momentum at the highest values are studied in connection with the decay-out of the excited superdeformed (SD) bands in ^^^Tb and ^"'Pb. Finally, the population of highly excited low-spin states in moderately neutronrich Ca isotopes via deep-inelastic reactions is discussed.
THE TRANSITION BETWEEN ORDER-TO-CHAOS
The transition between order and chaos in the atomic nucleus can be studied through the analysis of the y-decay of warm rotating nuclei produced at high spins and moderate excitation energy by fusion reactions between heavy ions. After rapid evaporation of light particles, warm rotating nuclei de-excite emitting long sequences of y transitions, ending up in discrete regular rotational bands when the nuclear temperature of the system is almost zero. Therefore, by detecting the largest number of y-rays, nuclear structure properties can be investigated as a function of angular momentum and excitation energy, in the intermediate region between the ordered regime at T=0 and the chaotic region at the compound nucleus level [1, 2] .
By constructing y-y spectra from the measured E^ energies of high-fold y cascades, one can distinguish between the contribution from the COLD region of regular decay at T=0 ("ridges") and from the WARM region above ~ 1 MeV internal excitation energy ("valley") . This is where the nuclear rotation becomes damped and the rotational decay is fragmented over a large number of states with an energy spread Trot ~ 200 keV, as a consequence of the rapidly increasing level density and of the presence of a residual two-body interaction mixing the nuclear states [1] . The study of such ridge-valley landscape can be used to investigate the transition between order and chaos in terms of a gradual vanishing (at T^^O) of the selection rules associated with the quantum numbers at T = 0, such as K (the projection of the angular momentum on the symmetry axis).
The deformed nucleus ^'''Er is an ideal case, being characterized by a number of rotational bands having low-K (K=5/2) and high-K (K=19/2) values [3] [4] [5] . The nucleus ^'''Er has been populated by the reaction ^^O + ^^°Nd, at Ebeam = 87, 93 MeV, and its subsequent y-decay has been detected using the EUROBALL array, consisting of more than 200 Ge crystals in 4% geometry around the reaction center [6] . The ^^°Nd target was made of a stack of two thin foils for a total thickness of 740 |j^g/cm^ and the corresponding maximum angular momentum reached in the reaction has been calculated to be 40 and 45 , for the two different bombarding energies. Figure 1 shows examples of 60 keV wide projections, perpendicular to the E^i = E^ diagonal of experimental matrices of ^'''Er, gated by transitions among states with low-K (K=5/2) and high-K (K=19/2) quantum numbers. The spectra, showing the typical ridge-valley structure resulting from the y-decay of a deformed rotating nucleus, have been analyzed by statistical and line-shape analysis methods [3] [4] [5] .
The analysis of the fluctuations of the events collected in the y-y spectra allows to estimate the number of bands (Npam) which populate the ridge and valley region [7] . As shown in panel a) of Fig. 2 , a total number of -40 discrete excited bands is found to populate the ridge structures of ^'''Er, half of which of high-K nature. On the contrary, many more bands, of the order of 10^-10^, are found to populate the valley region, with large differences between low-K and high-K states, as shown in Fig. 2 b) . This suggests that the K-quantum number is at least partially conserved up to moderate excitation energies, of the order of-1.5 MeV above yrast, where the rotational motion is damped. At higher excitation energies (namely for E^ > 1.1 MeV in Fig. 2 b) ) more similar number of bands are obtained for low-K and high-K gated spectra, pointing to a vanishing of selection rules on K and to the onset of a chaotic regime, in which quantum numbers and selection rules loose their meaning. The results of the fluctuation technique are supported by the analysis of the correlations in fluctuations between spectra gated by different K-states [3, 5] . Figure 2 c) and d) give the correlation coefficient r obtained from the analysis of the ridge and valley region between low-K and high-K spectra, r assumes values between 0 (completely different event distributions) and 1 (identical spectra). The experimental data show that r is close to 0 in the case of the analysis of the ridges (which are populated by discrete excited bands at T=0), while in the case of the valley region r is found to gradually approach 1 at the highest transition energy values (corresponding to internal energy around 1.5 MeV), indicating strong similarities/correlation between the high-K and low-K gated distributions, as expected in a chaotic regime [3, 5] .
The experimental results shown in Fig. 2 are well reproduced by the shell model calculation of ref. [8] which combines a cranked mean-field and a residual two-body interaction, together with a terms taking into account the angular momentum carried by the K-quantum number. According to the model, K-mixing is induced by the interplay of the Coriolis and residual interaction, and it is found to gradually increase until a complete violation of the K-quantum number is reached above 2-2.5 MeV of internal energy, in good agreement with the experimental findings.
The spectral shape of the ridge-valley structure (see Fig. 1 ) can also be used to determine the rotational damping with Trot [4] . Figure 3 a) shows the values obtained for Trot by interpolating the ridge-valley event distribution of the total y-y spectrum of ^'''Er, by a two component function (smooth curves in Fig. 1 ). The damping width is found to depend on the K value, being ~ 200 keV for low-K and ~ 150 keV for high-K states, in agreement with the calculation of the model [8] . This gives further support to the conservation of K up to moderate excitation energies. It is important to remark that the experimental determination of the rotational damping width Trot can provide valuable information on the evolution of the shell structure at finite temperature (T^tO), as a function of the neutron number. As shown in Fig. 3 b) , the cranked shell model of ref. [8] predicts, at spin I = 40 , an increase of almost 25% in the rotational damping width, moving from ^' 'Yb (populated at present by stable heavy-ions reactions) to ^"'Yb (reachable in the future by means of radioactive beams, such as "^Sn).
QUANTUM TUNNELING OF EXCITED SUPERDEFORMED BANDS
The study of the properties of the atomic nucleus as a function of angular momentum offers opportunities to learn about the phase transition between normal and superfluid systems [2] . This topic has been investigated in a number of nuclei, mostly in connection with the sudden decay-out from superdeformed (SD) to normal deformed (ND) structures, which are separated by a potential energy barrier. The decay between configurations occurs as a tunnelling process, which becomes suddenly possible over few units of spins when the nucleus undergoes an abrupt transition from normal to superfluid. Such a decay mechanism is well established for the discrete SD bands at T=0, and it can also be used to describe the decay of the excited states (T^^O). In this case the tunnelling model needs to be coupled to cranked shell model calculations at finite temperature [9] . Experimentally, only few cases have been studied in details [10] [11] [12] , since selective data obtained by gating on transitions collecting only few percent of the decay flow are needed with high statistics.
In this paper we present results from two different EUROBALL experiments. The first one aimed at the population of ^^^Tb by means of the reaction ^'Al, at 155 MeV, on a thin "°Te target [11] , while the second experiment employed the reaction '"Si at 150 MeV on a thin target of ^'°Er, leading to ^"'Pb after the evaporation of 4 neutrons. The first experiment was performed using the EUROBALL array [6] in the standard configuration, while for the second experiment, the low efficiency Ge detectors in the forward hemisphere were substituted by 8 large volume BaF2 scintillators to measure high energy y-rays from the decay of the giant dipole resonance (GDR). In both experiments an InnerBall of BGO detectors was also used to determine the jmultiplicity of each single event by measuring the number of fired detectors.
For both experiments the data have been sorted into a number of y-y matrices in coincidence with the isotope of interest ("''Pb or ^^^Tb), and in coincidence with the SD yrast band of each nucleus, with a condition on high-fold events (F>20) to better focus on high-multiplicity cascades. In both sets of spectra cuts perpendicular to the main diagonal reveal the existence of ridge structures extending over a large range of spin (40 to 60 for ^^^Tb and 10 to 40 for ^"'Pb), with a spacing between the two most inner ridges equal to 4x 7J'^^', being J'^' the moment of inertia of the SD yrast band in each nucleus. Examples of such cuts are given in Fig. 4 . In both nuclei, the ridge structures are found to be populated by several unresolved discrete transitions, as confirmed in first place by the evaluation of their intensities, up to 3 times grater than the intensity of the SD yrast. In addition, the number of bands populating the SD ridge structures have been evaluated by the fiuctuation analysis technique [7] . The results are shown in Fig. 5 for ^^^Tb (left) and ^"'Pb (right). In both cases a large number of SD rotational bands (up to 40 in ^^^Tb and more than 50 in ^"'Pb) are found to populate the SD ridges (filled squares) [11] . [9] , not taking into account the decay-out towards the ND states. The full lines are obtained including also the probability to decay into the ND well, which in the case of '"Pb has been adjusted by the factor Cp and Cm (see text).
The results of the fluctuation analysis of the SD ridges in ^^^Tb and ^"'Pb have been interpreted in terms of the cranked shell model calculations of ref. [9] . In both cases the model largely overestimates the experimental data, especially at low transition energies, where the decay-out towards the ND structures occurs. Better agreement with the experiment is obtained once we take into account, for each SD excited band, a probability Pom to decay towards ND states [9] . Pom depends significantly on the level density pNo of the ND states and on the inertial mass Mo of the nucleus, especially in the heaviest mass region A = 190. In this case, a renormalization of these two quantities by the constant Cp = 2x10* and Cm= 3 is needed to reproduce both the decay-out spin values and the number of excited bands, as shown by solid line in Fig.  5 . The study of the decay-out of the excited SD bands, modeled as in the case of the SD yrast states, may therefore provide additional information on the key parameters governing the tunneling process.
HIGHLY EXCITED STATES IN NEUTRON RICH NUCLEI
At present, one of most investigated issues in nuclear physics is the influence of the neutron/proton (N/Z) ratio on the structure of the atomic nucleus. For this reasons the fundamental modes of excitations (such as vibrations and rotations) are currently under investigation in different isotopic chains as a function of the N/Z ratio. Among the most interesting states are the low-lying electric dipole (pygmy) states which in the case of neutron-rich nuclei are expected to have a sizable strength. A large systematic of such states exists for stable isotopes in the mass regions A~40-50 and A~120-140, based on photon scattering experiments [13] [14] [15] .
In a recent experiment at Legnaro National Laboratory (Italy) the Ge array CLARA coupled with the magnetic spectrometer PRISMA [16] has been used to investigate the possibility of populating highly excited states in neutron-rich Ca nuclei by means of a different reaction mechanism, namely deep-inelastic collisions with heavy ions (at < 10 MeV/A). In the past, deep-inelastic scattering has been used at higher energies to study the decay of the Giant Dipole Resonance (GDR) in highly excited nuclei [17] and the emission of dipole strength in pre-equilibrium reactions [18] . It is therefore interesting to study with high resolution the excitation energy up to roughly 6-8 MeV, which is so far mainly unexplored. According to the calculations of Pollarolo et al. [19] , a number of isotopes with sizable cross section (-100 mb) should be populated in the reaction *^Ca at 320 MeV on ''''Ni, and this has been confirmed by the mass distribution of the Ca isotopes obtained in the experiment (left panel of Fig. 6 ). In addition, a sizable population of the nuclei of interest (mainly *^Ca and ^°Ca) is expected at the highest excitation energy, around 10 MeV, as shown in the right panel of Fig. 6 .
The analysis of the experiment is in its early stages and interesting results are expected also from the point of view of the dynamics of the reaction. : cross section as a function of excitation energy for Ca and Ni fragments, in comparison with a similar reaction on an heavier U target [19] .
